Successful growth of Mycobacterium lepraemurium was observed in cultures of mouse peritoneal macrophages. The optimal host cell maintenance medium was composed of 40% (7) were unable to confirm these results. Kudicke 1 Presented in part at various meetings since 1958. A list of titles of these reports and meetings at which they were presented is cited in the proceedings of
Among various mycobacterial infections, murine leprosy seems to bear the closest resemblance to human leprosy, i.e., an infection caused by a noncultivable, intracellular, acid-fast bacillus having a very slow growth rate. Studies on the intracellular requirements of Mycobacterium lepraemurium may furnish useful clues regarding those of M. leprae. Since the discovery of the bacillus by Stefansky (27) , efforts have been made by many investigators to grow the organisms of murine leprosy in artificial media, without success (17) . Attempts to grow the organisms in tissue cultures began with Zinsser and Carey (31) , who observed successful proliferation of the bacilli in two cultures of explants from rat spleen. Fraser and Fletcher (quoted in 18) and Friedheim (7) were unable to confirm these results. Kudicke 1 Presented in part at various meetings since 1958. A list of titles of these reports and meetings at which they were presented is cited in the proceedings of LWM-AFIP Conference on Research Problems in Leprosy, Washington, D.C., 11-14 May 1965 and Voilmer (16) observed growth in tissue culture during the first 22 days after inoculation. Suwo and Kin (28) observed growth both in the cells and in the culture medium. On the other hand, Lowe and Dharmendra (18) were unable to obtain growth after an extensive trial in various tissue cultures. All of these studies used the plasma clot culture of explants of various tissues of rat, mouse, chick embryo, and mouse sarcoma. This type of culture has the disadvantage that any organisms liberated from the host cell will remain in the clot and may be picked up by the macrophages. Accumulation of organisms in cells by such rearrangement or redistribution of organisms may be mistaken for true bacterial multiplication.
Limited growth of M. kepraemurium was observed in 1958 by three groups of investigators (12, 26, 29) , using monolayer cultures of mouse and rat spleen explants and of the peritoneal macrophages of rats. The host cells of these cultures were difficult to maintain in good condition, and in some experiments fresh noninfected cells had to be added periodically to maintain the cell population. Moreover, the importance of the length of the organisms inoculated had not yet been emphasized. The inoculation material was obtained from animals at the time the organisms were apparently in the long forms (3) . It seems possible that the long-form bacilli which had been kept in poor host cells may have split into several short ones, resembling actual bacterial multiplication. Limited growth was also observed in established cell cultures, e.g., L cells (22, 29) . Growth of the organisms was never reported to have occurred in subculture in any of these studies. Successful growth of M. lepraemurium was observed in subcultures by Garbutt, Rees, and Barr (9) and Rees and Garbutt (25) , using the 14pf strain of rat fibroblasts. Growth occurred in subcultures only when a large portion of cells of the original culture was transferred into fresh fibroblasts. Since fibroblasts grow too fast at 37 C, the culture was maintained at 34 C. Bacterial counts of the whole culture were used for evaluation of growth because the bacterial distribution in fibroblasts was not even. The organisms showed a rather slow growth rate, with a generation time of about 15 days (8) .
The growth studies of M. kepraemurium being reported here began in 1955. Macrophages were used as host cells because this type of cell multiplies very slowly and any change in the bacillary population can be observed readily. Since Cultivation of macrophages Techniques for cultivation of peritoneal macrophages of the mouse have been described elsewhere (4) . Briefly, the peritoneal exudate of mice was washed out through a small incision just below the xiphoid process. In the early studies, the washing fluid was BSS containing 1: 20,000 heparin and, later, the chemically defined, protein-free medium NCTC 109 with heparin. The cell suspension (5 ml from each mouse) was introduced into Leighton tubes containing an 8 by 22 mm cover slip (1 ml each tube). The NCTC 109 medium was replaced with complete medium 3 hr later. Occasionally, the exudate cells were washed out with the complete medium without subsequent replacement. Pooled cell suspensions from several animals were often used. Cultures were maintained at 37 C in closed tubes in the early studies, and in an atmosphere of 5% C02-air in later experiments. The medium was changed twice a week.
In the early experiments, mice were infected with M. lepraemurium intraperitoneally, and peritoneal exudate cells were harvested at various intervals after infection (the "in vivo-in vitro" experiments). In later studies, macrophages were infected by adding a bacillary suspension I day after cultivation of macrophages in tissue culture.
Culture medium. The media were made of various amounts of horse serum, BSS, Eagle's basal medium, medium 199, NCTC 109, BEE, and various amounts of the following supplements: spleen homogenate, liver homogenate, liver extract, glycerin, ferric nitrate, and mycobactin.
The contents of one vial of BEE were dissolved in 10 ml of BSS in the early studies and in NCTC 109 later, to make a 1:5 dilution. Centrifugation was sometimes necessary to eliminate undissolved lumps. The solution was used immediately after preparation.
Spleen homogenate was prepared aseptically by grinding one fresh mouse spleen in 5 ml of BSS The total number of bacilli of the whole cover slip was calculated as follows: average number of macrophages per square field X 677 X average number of bacilli per macrophage X percentage of macrophages with bacilli.
In the later part of the present study, the cell population of cultures had been kept in a fairly stable condition, and the rate of phagocytosis had been maintained unchanged within a certain period of time. The intracellular bacterial count was then derived solely from the number of organisms per macrophage.
Enumeration of organisms in the whole culture. All macrophages in Leighton tubes were harvested with a rubber policeman. Organisms in the discarded medium after each change of medium were collected by centrifugation. A homogenate of the cell suspension was made in a Teflon Ten Broeck tissue grinder. Bacterial counts were made by the pin-head technique of Hanks et al. (11) . Counts of the culture at 1 day and at the time of termination of the experiment were recorded. The total bacterial count included the organisms from the culture vessel and those collected from the discarded medium.
Measuremenit of the length of a bacillus. Measurement of the length of a bacillus was made with a scale in the ocular, each division being 0.55 ,u. The length of the bacillus was recorded as the average for 100 bacilli, based on the following schemes: 1-3, 4-5, 6-7, 8-10, etc. For example, if the percentages are 60, 30, 6, and 4, respectively, then the length of the bacillus will be [(60 X 2) + (30 X 4.5) + (6 X 6.5) + (4 X 9)]/100 X 0.55 = 1.8 u.
Generationi time of M. lepraemurium. The generation time of bacillary growth was calculated according to the log base 2 method of Finney, Hazlewood, and Smith (5). Since multiplication of the bacilli does not occur in a period of I day, and since phagocytosis is complete in 1 day, the day I record was used as the day zero data for calculation of the generation time.
Staining of macrophages and acid-fast organisms.
Cover slips were washed with 0.85% NaCl and fixed in Zenker solution for 5 min. The cover slip was floated with the cell side down in Ziehl-Neelsen stain, which had been heated just to boiling on a glass slide (about 2.5 by 7.5 cm). Care was taken to float the cover slip over a depth of stain to prevent cells from coming in contact with the glass slide. The cover slip was destained 5 min later with 1% HCI in 95% ethyl alcohol. Macrophages were stained with Harris hematoxylin for 30 to 60 sec, followed by a 0.3% ammonia-water wash. RESULTS In vivo-in vitro experiments, 1955-1958. Peritoneal exudate cells from animals infected with murine leprosy were used in the beginning of the experiments, on the assumption that the hostparasite relationship would be nearly perfect when macrophages were infected long before they were transferred for in vitro cultivation. Different media, containing various amounts of horse serum, BSS, Eagle's basal medium, BEE, and mouse spleen homogenate, were tried. The composition of these media has been reported in a previous paper (4) as media numbers 1 to 6. It was possible to maintain 29 of 62 experiments for a period of 2 to 5 weeks, but only 5 experiments showed growth of the bacilli. These five experiments were maintained in a medium containing 95 to 97% horse serum and 3 to 5 % of a VOL. 93, 1967 CHANG, ANDERSEN, AND VAITUZIS 1:1 dilution of BEE (medium 6). Media made with a lower concentration of horse serum, or with a high serum concentration without BEE, did not support the growth of either the macrophages or the bacilli. This indicated that macrophages required a highly nutritious medium for their maintenance in good condition and for the promotion of bacterial growth. In five experiments with growth of bacilli, the number of bacilli per macrophage increased 3-to 16-fold, with an average generation time for the bacilli of 12 days. The total number of bacilli in the whole cover slip increased 3-to 15-fold in three experiments and remained unchanged in the other two, despite those with a marked decrease in the population of macrophages. No growth was observed in experiments treated with isoniazid or in those infected with autoclave-killed bacilli ( Table 1) .
Elongation of M. lepraemurium was observed in four cultures of the first five experiments (Table  1) . Very long bacilli, up to 15 ,u in length, appeared occasionally. Thus, for the first time in the history a definite growth of M. lepraemurium (elongation accompanied by multiplication) was observed in tissue culture.
However, disadvantages of the in vivo-infected cell model were obvious. First, the percentage of macrophages containing bacilli varied greatly. These erratic variations made evaluation of bacillary growth rather difficult. Second, the organisms were initially in moderately long form, and observation of extensive elongation was difficult. It was believed, therefore, that a system containing noninfected macrophages which could be infected subsequently with a controlled number of the shortest forms of the bacilli would facilitate the observation of both elongation and multiplication of the organisms.
Macrophages infected in vitro. (Fig. 5) .
Liver homogenate and liver extract. The effect of mouse liver homogenate was first studied with the low-power-objective technique in 16 experiments maintained in medium 4:5:1 in which 30% of NCTC 109 was replaced by BSS. Half of the experiments showed moderate, marked, or maximal growth. When the complete medium 4:5:1 was used, in another 17 experiments, all showed from moderate to maximal growth.
The effect of liver homogenate was compared with that of a commerically available liver extract and its soluble L fraction. The latter was used for titrations of activity. As evaluated by counting intracellular organisms over a period of 28 days, the activities (per milliliter) were as follows: mouse liver homogenate <1 mg of liver extract = 1 mg of its L fraction <3 mg of L fraction = optimal (Fig. 16) .
Ferric nitrate. Recently, ferric nitrate was found to possess a stimulating action on the growth of M. johnei in macrophage cultures (30) . Ferric nitrate (1 to 100 ,ug/ml) had a definite stimulatory effect on the growth of M. lepraemurium; 4 to 10 ,ug/ml was optimal (Fig. 15) .
Combination of liver extract L fraction, ferric nitrate, and glycerol. Although combinations of the L fraction of liver and glycerol, or iron plus glycerol, were stimulatory, the addition of glycerol to combinations of L fraction and iron did not further enhance growth (Fig. 17) .
Medium 199. Medium 199 is a chemically defined medium widely used in tissue culture (21 Comparison of the growth rates of organisms was made in the five experiments which showed the highest rate, i.e., cultures supplemented with iron and L fraction of liver. The successive generation time at 7-day intervals over a period of 28 days was 7.0, 9.9, 10.5, and 11.8 days for the control experiments, and 9.0, 8.0, 7.5, and 6.8 days for the supplemented. However, a more uniform generation time (12.0 to 13.4 days) was obtained at the intervals when the calculation was based on a larger number (25) Fig. 18 . The average generation time of M. lepraemurium was 7 days.
Growth was slightly slower in the original cultures and a few early transfers, with generation times of 8 to 10 days. Faster growth was observed after four to five transfers, and the generation time eventually decreased to 5 to 7 days. The number of bacilli per macrophage increased 10-to 41-fold at the end of each transfer, with a cumulative increase of 1.4 X 1020-fold in 14 transfers over a period of 68 weeks in one series, and 1017-fold in 12 transfers over a period of 56 weeks in the other. Variations in the rate of growth that had been evident with organisms from the animals were no longer observed. With such rapid growth, multiplication of organisms could be easily recognized at the end of 3 weeks, with an eightfold increase in the number of bacilli.
Cultures allowed to surpass the usual period of time before transfer demonstrated that maximal growth of the bacilli occurred at the end of 6 to 7 weeks. At this time, most macrophages were filled with tens to hundreds of organisms. Organisms harvested after many transfers produced typical murine leprosy (Fig. 18) .
A series of photomicrographs showing the Fig. 1-14 Fig. 1-14 .
Failure to grow on bacteriological media. Cultivable acid-fast organisms have been frequently isolated by investigators as contaminants from tissues of animals with murine leprosy (17) . Lowenstein-Jensen medium was routinely inoculated with organisms harvested from various cultures in the past 11 years, including those of the transferred cultures. Growth of acid-fast organisms has never been observed. Similar Irregularly stained bacilli were seen frequently in cultures with a fast rate of bacillary growth. Organisms with faintly stained ends or with an isolated acid-fast dot at one or both ends were often observed. Chains of several acid-fast masses, stained faintly in some areas but deeply in others, were also noticed. More solidly stained organisms were observed when cultures were maintained for a longer time. It seems likely that the irregularly stained organisms are chiefly the young forms of M. lepraemurium, and that these became solid on maturation. Details will be reported elsewhere.
An unusual phenomenon was observed in cultures of the later part of the serial transfer experiments. The organisms appeared frequently in bundles consisting of a few to tens of even hundreds of bacilli. This phenomenon, known as globus formation, has been considered as a specific characteristic of the growth of human leprosy bacillus. Studies are in progress on factors which may provoke this globus formation. Details will be reported later.
In regard to the staining technique of ZiehlNeelsen, the warm method was found better than the cold method. In the early part of this study, the cold method of Kinyoun (15) was used. Unstained bacilli were observed in the macrophages as white, rod-shaped, empty spaces, which reappeared as acid-fast rods when restained by the warm method.
The growth rate of M. lepraemurium varies with the type of maintenance medium used for the macrophages. Medium 4:5:1 gave better growth than medium 9:1, probably owing to improved maturation. Liver homogenate and liver extract, which greatly improved the growth of M. kepraemurium, also improved the appearance of the host cells. Ferric nitrate promoted an increase of the number of M. Iepraemurium and occasionally the number of macrophages in the cultures. It seems likely that these substances stimulate the growth of M. lepraemurium both directly and indirectly.
The diversities in the growth rate of M. lepraemurium when inocula were obtained from animals at various stages of infection were most likely due to a lack of uniformity in the viability of bacilli at different phases of growth in vivo. No lag periods occurred in cultures inoculated with organisms harvested from the serially transferred cultures. Such bacilli are probably in the logarithmic phase of growth and ready for multiplication immediately after introduction into the new host cells. Furthermore, the host cells seem to have ready for immediate utilization all the nutrients required for bacillary propagation.
With these rapidly growing cultures, data on host-parasite relationships can be collected within periods of 3 to 4 weeks. Since the growth of M. Iepraemurium is exclusively intracellular, a cell model is now available for studies of host-parasite relationships without interference by extracellular growth.
The generation time of M. lepraemurium has been studied in animals in several laboratories, by use of bacterial counting methods for growth evaluation. A generation time of 10.7 days was observed in mouse spleen by Chang (2), 7 to 10 days in mouse testes by Hayashi and Nakayama (13), 7 to 8 days in rat testes by Hilson and Elek (14) , 10 days in mouse testes by Hilson and Elek (14) , and 12 to 15 days in the liver and spleen of mouse and rat by Rees (24) . The generation time of M. Iepraemurium observed in macrophage cultures in the present study was 7 days. This approximates the fastest growth rates in the animal host.
